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M yopia usually occurs when the eye is too long for its optics. Myopia is often considered a minor visual defect, but myopia increases the relative risk of eye disease to an extent equal or greater than smoking does for the development of cardiovascular disease. 1 The prevalence and associated costs of care for myopia and myopia-related ocular disorders are substantial, estimated to be in the billions of dollars in the United States and worldwide. [2] [3] [4] Thus, even small advances in the understanding of the development and control of myopia could lead to meaningful benefits for public health.
Emmetropization refers to the process that alters the eye's growth rate after birth in order to bring the size of the eye in line with the focal power. The stimulus factors that guide emmetropization are of great interest to the myopia research community. 5 One possible factor that might assist in emmetropization is longitudinal chromatic aberration (LCA), the shift in the focal plane that varies with wavelength.
6-8 Shortwavelength (blue) light has a shorter focal length than longwavelength (red) light. This change in focal plane generates blur, which indicates the sign of defocus. The effect of LCA on the retinal image is quite large (approximately 3 diopters [D] of blur over the visible spectrum; see Chapter 17 in Atchison and Smith 9 ). Although there are individual differences in measured LCA 9 these differences are relatively small; however, individuals may differ in the effect that chromatic blur has on emmetropization because this effect depends on processes beyond the optics of the eye.
Evidence for the use of LCA to guide emmetropization can be found in the chick model, [10] [11] [12] a fundamental model for the understanding of ocular disease and emmetropization. 13, 14 An advantage of the chick model, over other animal models of myopia, arises from the chick visual system, which can encode a rich array of color signals. 15 This benefit of the chick model has borne fruit experimentally. Chicks reared under broad spectrum illuminants show remarkable changes in growth depending on whether the blue light component of white light is present or absent; the presence of blue light in the illuminant slows the increase in growth produced by low (0.2 Hz) temporal frequency flicker, 16, 17 suggesting that short-wavelength light provides a protective signal to stop or slow the emmetropization process. Converging evidence in the literature points to a role for blue light in the emmetropization process in a variety of species 10, 11, [18] [19] [20] including humans. 21, 22 In the chick model, short-wavelength (S) cone signals can alter the response to lens-induced defocus. 12 The emmetropization system of the chick compensates for lens-induced wavelength defocus when it is stimulated with dim (0.67 lux) blue monochromatic light by altering the rate of eye growth. the level at which they could contribute to emmetropization, indicating that the effect of blue light is due to S-cone responses. 23 Further bolstering the case that LCA can provide the sign of defocus to the emmetropizing chick, it has been shown that the chick emmetropization system can infer a signed chromatic signal when presented with spatial sine-wave patterns that simulate hyperopic (blue contrast higher than red) and myopic defocus (red contrast higher than blue). 6 If LCA contributes to emmetropization in chickens, then Scones may be involved in human emmetropization. The human short-, medium-, and long-wavelength cones (i.e., S-, M-, and Lcones) have peak fundamentals at about 442, 542, and 570 nm, respectively. 24, 25 Thus, LCA could produce a larger dioptric difference signal between S-cones and the other cone types, compared to any difference between L-and M-cones, and it is therefore likely that any contribution of LCA to emmetropization will occur via S-cone signals. S-cone signals can alter accommodation in humans. [26] [27] [28] Given that near-work has been shown to be a contributing factor to the development of myopia, 5, 29 it is possible that the S-cone influence on accommodation may contribute to either the success or failure of emmetropization.
Sensitivity to color signals, mediated by the three cone types, could be differentially affected by numerous factors, most of which have been shown to differ among individuals. 30 These include differences in photopigment k max , 31 preretinal filtering (primarily by the lens and macular pigment), 32 cone density and packing arrangement, 33, 34 and the effects of different spatial and temporal characteristics of the stimuli (via the characteristically different neural pathways underlying psychophysically defined mechanisms) 35, 36 ; for a review, see Reference 37.
Some of these factors might be expected to have effects that persist over the adult lifetime of the individual, such as the relative numbers and spatial distribution of L-, M-, and S-cones in the retinal mosaic, while others could vary with age and other factors. 37 We hypothesize that LCA could play the same role in human emmetropization as in the chick model. During development, individual differences in cone contrast sensitivity may contribute to differences in the efficacy of the emmetropization mechanisms. If individual differences in L-, M-, and Scone contrast sensitivity persist from the early sensitive period for emmetropization into adulthood, then we expect there to be a correlation between psychophysically determined chromatic detection thresholds and refractive error, especially for Scone-isolating test stimuli.
METHODS Observers
A total of 44 adult observers participated in the experiment. The mean age was 25.8 years and standard deviation, 5.6 years. All but three observers were between 20 and 29 years of age; three observers outside this range were 35, 39, and 54 years. There were 13 male and 31 female observers. Ten of the observers were Asian and the rest Caucasian. Before the experiment, observers were given a health and medical questionnaire. Observers were only included in the study if they had no systemic disease, ocular abnormalities, a central astigmatism of less than 1.75 D, anisometropia of less than 1.0 D, no history of othokeratology or corneal refractive surgery, no fixational instability or restricted eye movement, no history of ocular pathology, and no ocular medications. Each observer's refraction was measured with an autorefractor (Grand Seiko model WR-5100K; Shigya Machinery Works, Hiroshima, Japan) and confirmed with subjective refraction to ensure that visual acuity was corrected to normal for the experiment.
A Nagel anomaloscope and a Farnsworth-Munsell 100 Hue color vision test, given under illumination by a Macbeth daylight lamp, were used to screen for color vision anomalies. 38 All observers scored within the normal range. The research protocol was approved by the New England College of Optometry and the Northeastern University Institutional Review Boards; observers gave informed consent at both institutions. The procedures complied with the Declaration of Helsinki.
Apparatus
A G3 Power Macintosh computer with an ATI Radeon 7500 video board (Apple, Cupertino, CA, USA), with a driver verified to support the 10-bit digital-to-analog converters, was used to display the stimuli, using custom software. The display was a SONY GDMF520 CRT monitor (Sony, Tokyo, Japan) set to a refresh rate of 75 Hz.
A mean gray background field, which was present throughout the experiment, had CIE coordinates x ¼ 0.306, y ¼ 0.309, and a luminance of 70 cd/m 2 . Spectroradiometric characterization was performed at 4 nm intervals across the spectrum by using a Photo Research PR-650 spectroradiometer (Photo Research, Syracuse, NY, USA). The luminance nonlinearity of the display was corrected with gamma correction lookup tables.
Head position was stabilized with a chin and forehead rest. Viewing distance was 52 cm from the pupil. Spherical and cylindrical corrections were made by using trial lenses mounted 13 mm in front of the preferred eye. For the correlational analyses described in Results, refractive error is given as ''best sphere'' (or spherical equivalent), which is the spherical power plus half the cylindrical power. The LCA produced by the trial lenses was calculated to be negligible (for our most myopic observer, the effect was 0.15 D of chromatic aberration with a À8 D BK7 lens material between 435 nm and 656 nm with a back-vertex distance of 13 mm).
Stimuli
Two spatial patterns were used as test stimuli. One type was an oriented Gabor patch with a spatial frequency of 3 cyc/deg and a two-dimensional Gaussian envelope (r ¼ 28). The sinusoidal component of the Gabors (in sine phase relative to the center of the screen) was modulated along four different directions in cone contrast space: achromatic (black-white) and the three cone-isolating directions (L, M, and S). The second pattern was a two-dimensional Gaussian blurred spot (a blob) with a center spatial frequency of » 0 cyc/deg and a size-constant of r ¼ 28. Blobs were modulated to produce either increments (Sþ, purplish) or decrements (SÀ, lime-green) in S-cone quantal catch (without modulating L-or M-cones). The blobs have the same overall size as the Gabor patch but allow increment and decrement modulations to be studied independently and are dominated by very low spatial frequencies. Examples of the stimuli are shown in Figure 1 .
Test stimuli were presented against the constant gray background field. Cone-isolating stimuli were created by using standard ''silent substitution'' methods, 39 in which the red, green, and blue guns of the CRT display were modulated to produce changes in a single cone type. These cone-isolating color directions were calculated by cross-multiplying the measured spectra of the monitor's guns with the L-, M-, and S-cone fundamentals, 24, 25 all in quantal units, and calculating the relative red, green, and blue gun modulations required to alter quantal catch rates in one cone type at a time. This method is widely used in color vision psychophysics. [40] [41] [42] Although there are individual differences in the S-coneisolating direction, these differences are generally thought to be minor at threshold with broad-band primary stimuli like those in a CRT monitor (e.g., see Smith and Pokorny 30 ). Stimulus strength is defined in cone contrast units. For example, for the L-cone Gabor patch, cone contrast is:
The terms on the right refer to L-cone quantal catch, where L bg is the background catch produced by a gray mean field. L peak refers to the maximum quantal catch produced by the Gabor. M-and S-cone contrasts are defined in the same way. The achromatic contrast was defined as:
which is =3 times larger than Weber luminance contrast. 43 The maximum cone contrast available in our display was 0.205, 0.239, 0.874, and 1.732 for the L, M, S, and achromatic color directions. Cone contrast provides a physiologically relevant way to quantify the strength of the stimulus in terms of the modulation it produces in the cones (see Ref. 43 for review); it takes into account the overlap of the cone fundamentals and indexes the magnitude of the signals provided to postreceptoral neural mechanisms. Unlike some other potential measures of chromatic contrast, cone contrast values are independent of the particular stimulating apparatus and of the particular observer under study. Table 1 lists CIE x and y coordinates of the peak modulations of the cone-isolating stimuli (i.e., the largest incremental and decremental cone modulations that could be produced by the apparatus). The Sþ and SÀ blobs have the same chromaticities as the peak and trough of the S-cone Gabor patch. Both the peak and trough of the achromatic modulation have the same chromaticity as the background field (0.306, 0.309), by definition.
Temporally, the stimulus appeared on the screen abruptly and then was linearly ramped off in contrast until its contrast was reduced to zero (which occurred at 333 ms). Fixation was guided by four thin black diagonal lines, each pointing at the center of the screen, ending 1.5 from the center, which were present throughout the experiment.
Procedure
A two-interval forced choice method was used. Observers were presented with two 333-ms intervals. Each interval was marked by clearly audible tones. One interval contained the stimulus (target interval) and the other a blank (foil interval). The order of the target and foil interval was random on each trial. The target and foil intervals were temporally separated by a 400-ms interstimulus blank interval. Observers reported, via two keys on the keyboard, which interval they perceived to be the target. Auditory feedback was provided to inform the observer whether their response was correct or incorrect.
At the start of each session observers verified that the fixation stimuli looked sharp through the trial lens(es) provided. Before each block of trials the observer adapted to the gray background field for 60 seconds. Observers initiated each trial with a key press. In each block, only one type of test pattern was presented at different contrast levels. A staircase procedure 44 was used to select the test contrast on each trial. Weibull functions were fit to the accumulated frequency-ofseeing data to estimate contrast threshold (the stimulus contrast required for 82% correct performance). Thresholds from multiple runs were averaged (3-4 runs for each participant for each stimulus type).
The experiment was run in two different sessions on two separate days. Gabor test runs of different chromaticities (L-, M-, S-, and achromatic) were block randomized for the first session, and the Sþ and SÀ blobs were block randomized in the second session. Table 2 presents the descriptive statistics and Figure 2 the thresholds in each of the six conditions. S-cone Gabor thresholds are higher than the achromatic, L-cone, or M-cone Gabor thresholds, which is consistent with previous results. 43, 45, 46 Thresholds for the L-and M-Gabors are very similar while achromatic Gabor thresholds are higher. Table 2 and Figure 2 also show that the thresholds for the Scone Gabors are higher than both the S-cone increment (Sþ) or decrement (SÀ) thresholds. We also found that thresholds for The mean is the threshold arithmetic mean. Winsorized is the arithmetic mean of middle 95% with Winsorizing. Median 95% BCI is the confidence interval of the median determined by the the bootstrap percentile method. See the text for additional information. CV, coefficient of variation (SD/mean); SD, standard deviation. FIGURE 2. Box and whisker plot of log 10 (threshold), in cone contrast units, as defined in Equations 1 and 2, for the six chromatic conditions. Boxes cover the interquartile range, whiskers are 1.5 times the interquartile range, and outliers are shown as black circles.
RESULTS
the S-cone increment blobs are slightly higher than for the Scone decrement blobs.
The last three columns of Table 2 give the standard deviation, 95% bootstrap confidence interval (BCI) for the median, and coefficient of variation (standard deviation divided by the mean) of the thresholds. The BCI for the median was computed by using the bootstrap package in R [47] [48] [49] with 999 bootstrap resamples. All of our measures of variability indicate that it is substantial among our naive and/or unpracticed observers compared to what is typically seen in psychophysical detection tasks using practiced observers. Figure 3 shows scatterplots of log threshold versus refractive error (reported as best sphere) for the Gabors; Figure 4 shows the same relationship for the S-cone blobs. The best-fitting regression line and the 95% confidence region around that fit are indicated. Table 3 gives the correlation between log threshold and refractive error for each of the stimuli. None of the Gabor detection thresholds were correlated with refractive error at an a ¼ 0.05 using parametric tests (even without correcting for multiple comparisons) and the BCIs include zero.
However, there were stronger relationships for the Sþ and SÀ blob stimuli. The parametric statistical tests of the correlation coefficient for the blobs approached an uncorrected conventional a ¼ 0.05, but the bootstrap confidence intervals show that these relationships suggest a negative correlation, especially for the Sþ blob where the 95% BCI does not include zero. Omitting the most myopic observerleftmost points in each panel in Figure 4 -causes the P value for Sþ to be 0.047 (i.e., it reaches conventional significance) and SÀ to be 0.11 (i.e., to further trend toward significance). However, removing data to achieve a threshold P value is an example of the pernicious scientific practice known as ''P- hacking.'' 50 The bootstrap procedure provides a more principled method to protect against outliers.
DISCUSSION
The pattern of thresholds for the different cone-isolating stimuli ( Fig. 2 ; Table 2 ) is consistent with previous studies. 43, 45, 46 Under most circumstances, L-and M-cone contrast modulations are detected by highly sensitive chromatic neural mechanisms that use the difference of approximately equally weighted L-and M-cone signals. 40, 43 Therefore, it is likely that observers detected the L-and M-cone stimuli via the L-M pathways. When thresholds are measured in cone contrast units, these ''reddish-greenish'' or L-M mechanisms are substantially more sensitive than either the achromatic mechanism 41 or mechanisms with appreciable S-cone inputs. 43 S-cone Gabor and blob increment (Sþ) and decrement (SÀ) thresholds are higher than the L-, M-, and achromatic Gabor thresholds because of the reduced sensitivity of the S-cone mechanisms. Additionally, the threshold for S-cone Gabors are higher than the thresholds for the Sþ and SÀ blobs, which may be the product of the blobs having a lower center spatial (» 0 cyc/deg) frequency than the 3 cyc/deg S-cone Gabor stimuli. 51, 52 We observed that S-cone blob increment (Sþ) thresholds are slightly higher than the decrement (SÀ) thresholds (consistent with the studies of Wang et al. 42 and Bosten et al. 53 ). The clearest result is that the association between Sþ and SÀ thresholds and refractive error is negative.
To quantify the strength of evidence that we observed of negative correlations, a Bayesian approach was applied 54, 55 by using the BayesFactor package in R. 56 Bayes factors offer a nonbinary way of quantifying the subjective probability of a hypothesis. A larger Bayes factor indicates greater evidence for the hypothesis after the data are collected. The Bayes factor for the hypothesis that the Sþ correlation was negative is 3.06; for SÀ a value of 1.75 was obtained. Labeling Bayes factor values defeats their purpose of continuously quantifying the evidence for the hypothesis, but Jeffreys 54 suggested 3 or larger could be referred to as ''substantial'' and 1 to 3 as ''barely worth a mention.'' Others 57 have suggested the words ''moderate'' and ''anecdotal'' for these smaller Bayes factors. Thus, we have substantial evidence for a negative correlation between refractive error and S-cone increment thresholds, and weaker evidence for that same relationship with S-cone decrement thresholds.
Putting the question of statistical significance aside, the direction of the correlation of refractive error with S-cone blob thresholds is clearly more likely to be negative, as indicated by the bootstrap results and Bayes factor tests. Thus, higher Scone thresholds (lower sensitivity) were associated with greater degrees of myopia. The negative correlations of refractive error and S-cone blob stimuli are consistent with a role for LCA in myopia development. In light of the work reviewed in the Introduction, these results provide at least tentative support for the hypothesis that reduced S-cone sensitivity in child development, persisting into adulthood, could cause the emmetropization mechanism(s) to be less able to use the blur at short wavelengths to regulate eye growth via the sign of defocus or via accommodation.
Before considering possible causes for a relationship between S-cone thresholds and refractive error in our study, two other possible mechanisms that could contribute to individual differences in myopia should be mentioned. The first is an LCA signal from the M-and L-cones. LCA varies continuously over the visible spectrum, 9,58 which produces differences in focal planes that are differentially detected by the L-and M-cones. But the differences in cone contrast induced by LCA between the L-and M-cones are relatively small compared to the differences between S-cones and the other cones. The lack of correlation between L-and M-cone detection thresholds and refractive error in our study might suggest that an M-versus L-cone LCA signal is not used by the emmetropization system. But given that we did not test L-and M-cones with the low frequency blobs used for S-cones, the hypothesis that the L-versus M-cone LCA signal can be used at low frequencies is currently untested. Secondly, there is evidence that the emmetropization system is aided by high-intensity outdoor illumination. 59 Bright light stimulates intrinsically photosensitive retinal ganglion cells (iPRGCs), which are known to be involved in circadian rhythms and emmetropization. 60 iPRGCs are most sensitive to short wavelengths. 61 Our cone isolation procedures did not rule out stimulation of ipRGCs by our stimuli, and among our stimuli the nominally S-cone-isolating stimuli would produce the largest modulation of ipRGCs. However, ipRGCs are insensitive and slow, 62 absent from the fovea where our stimuli were placed, 63 and in general the role they play in functional vision is unclear. Thus, it seems very unlikely that ipRGCs contribute to the results of our study.
Our focus is on the potential relationships that we found between refractive error and S-cone thresholds. The causes of the individual differences in sensitivity of the S-cones could include differences in photopigment k max . 31 Another factor could be differences in magnitude of preretinal filtering by the lens and the macular pigment, both of which block shortwavelength light 24, 64 and thereby decrease the S-cone adaptation level. Other potential sources of individual differences in S-cone sensitivity include genes involved in glucose metabolism. 53 However, these factors affect S-cone sensitivity without regard to the spatial characteristics of the stimulus, that is, they are not spatial frequency specific, which is not consistent with the lack of correlation of S-cone 3 cyc/deg Gabor sensitivity and refractive error found ( Fig. 4; Table 2 ), whereas the effects of LCA are spatial frequency specific.
A possible interpretation of the difference in the results for the S-cone Gabors and the S-cone blob is as follows. S-cones are lacking in the central fovea 65, 66 and S-cone density peaks in a ring at approximately 18 eccentricity. [67] [68] [69] However, there are individual differences in the mosaic of S-cones in the retina. 34, 65, 66 A spatial frequency of 3 cyc/deg, the frequency of the Gabors used in this experiment, is a relatively high frequency for S-cone detection. 51, 52 Thus, the detection of the 3 cyc/deg S-cone Gabor stimulus is likely to be dependent upon sampling by the S-cones in the higher-density parafoveal S-cone ring.
Sþ and SÀ blob increment and decrements are dominated by very low spatial frequencies and are likely to be detected by summing S-cone signals over a larger area around the central fovea.
This leads us to speculate that differences in observer Scone mosaics may play a role in the control of myopia development. If myopes have fewer total S-cones in the central 38 to 48 of their retina, but a normal peak S-cone density in the parafoveal ring, then their ability to detect the S-cone blobs, but not S-cone Gabors, would be impaired as compared to emmetropes because of the lower spatial frequency of the blobs. Thus, if an LCA signal from short versus long wavelengths guides the emmetropization system via an integration of S-cone signals across a few central degrees of eccentricity, children with fewer total S-cones over the central retina may be predisposed to develop myopia. The same altered S-cone system that guides the emmetropization system toward myopia may be revealed by our detection task in adults.
